INTRODUCTION
Cells contain small amounts of 'loose' redox-active iron, which can promote the formation of the highly reactive hydroxyl radical (HO · ), or similarly reactive iron-centred (ferryl and perferryl) radicals. These highly reactive radicals can attack almost all cellular constituents and create chain reactions that lead to cell death [1] [2] [3] [4] . Although neither hydrogen peroxide (H 2 O 2 ) nor superoxide (O 2 ᭹− ) is particularly reactive, in the presence of redox-active iron even low doses of these reactive oxygen species are cytotoxic. It has been recognized that lysosomes are responsible for the autophagic degradation of many iron-containing metalloproteins and iron-rich particulates, such as ferritin, various metalloproteins and mitochondria [5] [6] [7] . Elsewhere, we have argued that the resultant accumulation of redox-active iron within lysosomes predisposes them to oxidant-induced damage and rupture, followed by either apoptosis or necrosis, depending on the magnitude of lysosomal damage [8] . If so, the lysosomal content of redox-active iron may well be of great importance to the overall sensitivity of cells to oxidant challenge [8] [9] [10] [11] [12] [13] [14] and, as argued herein, IR (ionizing radiation).
In attempts to explain the cytotoxic effects of radiation damage, HO · has been repeatedly invoked as an important intermediate, because HO · forms by radiolysis of water. It is generally assumed that HO · -mediated DNA damage, particularly in S-phase cells, which are less able to repair DNA damage, is responsible for cell death caused by IR [15] . However, site-specific HO · formation due to iron-catalysed homolytic cleavage of H 2 O 2 , another product of radiolytic cleavage of water, may be significant, since it is well established that iron loading of target cells can greatly increase radiation-induced cell damage and death [16] [17] [18] [19] .
Exposure of cells to a dose of IR that is not immediately lethal engenders a wave of reparative autophagic activity, probably initiated by limited lysosomal rupture that is not sufficient to induce apoptosis or necrosis [8] , during which damaged proteins and whole organelles are autophagocytosed and digested [20] [21] [22] [23] . One very likely and potentially hazardous consequence of such digestion would be lysosomal accumulation of 'loose' redoxactive iron when iron-containing metalloproteins are degraded. Consequently, the lysosomes of previously irradiated cells might accumulate excess iron, which could sensitize the lysosomes to attack by additional radiation events.
As a test of this general concept, we exposed radio-resistant lysosome-rich murine histiocytic lymphoma (J774) cells to a large (but, within the time-frame of the present study, non-lethal) dose of IR (40 Gy). This led to a substantial increase in intralysosomal redox-active iron after 24 h. When these cells (now containing iron-enriched lysosomes through the natural process of autophagic clearance of damaged organelles and iron-containing metalloproteins) were exposed to a second dose of radiation (20 Gy) 24 h after the first one, extensive, mainly apoptotic, cell death occurred secondary to lysosomal rupture. The importance of intralysosomal iron in this radiation sensitization was indicated by experiments employing HMW-DFO (high-molecular-mass desferrioxamine mesylate), a derivative of the iron-chelator desferrioxamine that exclusively localizes and remains within lysosomes following fluid-phase endocytosis [24, 25] . Cells pretreated with HMW-DFO before the second radiation event were powerfully protected against lethal effects, and even more so if cells were exposed to HMW-DFO before the first radiation event. Overall, our results indicate that intralysosomal redox-active iron interacts with IR to cause cell death, and provide a rational basis for the use of fractionated radiation.
MATERIALS AND METHODS

Chemicals
DMEM (Dulbecco's modified Eagle's medium), FBS (fetal bovine serum), penicillin and streptomycin were from Gibco BCL (Paisley, Renfrewshire, Scotland, U.K). HMW-DFO was kindly given from the company Biomedical Frontiers (Minneapolis, MN, U.S.A.). HMW-DFO has a molecular mass of ≈ 75 kDa, and the stock solution is 40 mM in DFO. PI (propidium iodide), Trypan Blue, TCA (trichloroacetic acid), pHPA (p-hydroxyphenylacetic acid) and Ferene-S [3-(2-pyridyl)-5,6-bis-[2-(5-furylsulphonic acid)]-1,2,4-triazine] were from Sigma Chemical Co. (St. Louis, MO, U.S.A.). AO (Acridine Orange) base was from Gurr (Poole, Dorset, U.K.) and the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit was from Molecular Probes (Eugene, OR, U.S.A.). Giemsa and sodium cacodylate (dimethylarsinic acid sodium salt) were from Merck (Darmstadt, Germany). Osmium tetroxide was from Johnson Matthey (Royston, Herts., U.K.), whereas glutaraldehyde and Epon-812 were purchased from Fluka AG (Buchs, Switzerland).
Cell culture
Lysosome-rich murine histiocytic lymphoma (J774) cells, well known to be resistant to IR [26] , were cultured in DMEM, supplemented with 10 % FBS, 100 units/ml penicillin and 100 µg/ml streptomycin at 37
• C in humidified air with 5 % CO 2 . Cells were sub-cultivated twice a week.
IR and treatment with HMW-DFO
Before radiation exposure, cells were grown to confluence in 75 cm 2 flasks, sub-cultivated in 35 mm Petri dishes [4 × 10 5 cells/ 2 ml of medium (≡ 50 000 cells/cm
2 )] and kept for 6 h under standard culture conditions (37 • C; 5 % CO 2 ). Non-attached cells were removed by a change of medium immediately before radiation.
IR was performed at the Department of Radiation Oncology, University Hospital of Linköping, Sweden using a 4 MV linear accelerator (Varian Clinac 600C). Cells in complete culture medium were exposed in closed dishes to 10-80 Gy at 22
• C. Immediately following radiation, cells were returned to standard culture conditions for a further 24 h and then irradiated, or not, a second time. On the basis of initial trials, a first dose of 40 Gy and a second one of 20 Gy, both radiation events delivered as 2 Gy/ min, were selected for the double irradiation experiments. After each dose of radiation, culture medium was replaced by new medium, and cells were followed under standard conditions for up to 64 h.
Optimal concentrations and exposure times for HMW-DFO were established in preliminary experiments. A stock solution of HMW-DFO in PBS, pH 7.4, was diluted to 2 mM HMW-DFO (expressed as DFO equivalents) in complete culture medium. Cells were exposed to this dose of HMW-DFO for 3 h once, either before the first 40 Gy or the second 20 Gy radiation events.
H 2 O 2 assays
Petri dishes (35 mm-diameter) containing HBSS (Hanks balanced salt solution; 2 ml/dish) but no cells were irradiated with 2 Gy/min or 5 Gy/min to a total dose of 40 Gy, and H 2 O 2 formation was measured using: (i) an Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit according to the manufacturer's instructions, and (ii) the horseradish-peroxidase-mediated H 2 O 2 -dependent pHPA oxidant technique, as described previously [13] . HBSS was used instead of complete culture medium in order to avoid interference with any catalase possibly present in the serum-containing medium.
Cell viability assay
Cells were stained (5 min; 22
• C) with 0.2 % (w/v) Trypan Blue in PBS and counted (10 3 cells/dish) in pre-selected areas using an inverted microscope (×250 magnification). Non-stained cells were considered viable, or in the early stages of apoptosis. Less than 3 % of the control cells stained blue, and these were considered as being post-apoptotic necrotic (a normal value for J774 cells). After the first and second radiation exposure, nonstained cells/initial number of cells within pre-selected areas were determined. Since detached cells always stained blue (necrotic), this method gave accurate numbers for viable or early apoptotic (non-necrotic) cells.
Apoptosis assays
Using the hypotonic PI nuclear staining technique described by Nicoletti et al. [27] and Giemsa staining, the proportions of cells with fragmented apoptotic DNA and apoptotic morphology were evaluated respectively. Cells (pre-exposed to HMW-DFO or not), irradiated with 40 Gy, kept under standard culture conditions for a further 24 h and then exposed to HMW-DFO (or not; no cells were exposed to HMW-DFO more than once) were again irradiated with 20 Gy and returned to standard culture conditions until analysed (see above). Appropriate controls were also checked.
Briefly, cells for DNA analysis were suspended in a cellrupturing PI solution [50 µg/ml in 0.1 % sodium citrate with 0.2 % (v/v) Triton X-100]. After incubation in the dark overnight at 4
• C, nuclei were analysed by flow cytofluorimetry. Red (FL 3 channel) fluorescence was recorded in a logarithmic scale. CellQuest software was used for acquisition and analyses.
Cells fixed in 4 % formaldehyde and stained in Giemsa, showing signs of apoptosis (cellular shrinkage and nuclear condensation), were counted and documented using a Nikon Microphot SA (Nikon, Tokyo, Japan) microscope equipped with a Hamamatsu C4742-95 (Bridgewater, NJ, U.S.A.) digital camera and Adobe Photoshop software.
Cytochemical assay of lysosomal reactive iron
For evaluation of intralysosomal iron we used 'autometallography' or the SSM (sulphide silver method), as described previously [6] . Briefly, cells seeded on coverslips were irradiated with 40 Gy (or not), medium was renewed, and cells were then returned to standard conditions. Cells were rinsed in PBS (22
• C) 24 h later, fixed in 2 % glutaraldehyde in 0.1 M sodium cacodylate buffer with 0.1 M sucrose, pH 7.2, for 2 h at 22
• C, rinsed 5 times in glass-distilled water at 22
• C, and sulphidated for 15 min at 22
• C, pH ≈ 9, in a 70 % (v/v) ethanol/1 % (w/v) ammonium sulphide solution. Following careful rinsing in glassdistilled water for 10 min at 22
• C, cells were 'developed' using a physical colloid-protected developer containing silver lactate. The reaction was performed in the dark at 26
• C for 20, 30 and 40 min for all specimens (dependent on lysosomal amounts of low-molecular-mass iron, shorter or longer development is required for precipitation of silver). Following dehydration in a graded series of ethanol, cells were mounted in reducing Canada balsam (to avoid oxidation of atomic silver to white silver oxide), and examined by transmitted light in a Nikon Microphot SA microscope (no counterstaining). Results (precipitation of silver granules) were documented using a Hamamatsu C4742-95 digital camera and Adobe Photoshop software.
Chemical analysis of cellular 'loose' and total iron
Cells were irradiated with 40 Gy (or not), medium was renewed, and cells were returned to standard conditions. After 24 h, the cells were rinsed in PBS and a colorimetric assay for labile cellular iron was employed [28, 29] . Following rinsing in PBS, the cells (2 × 10 6 cells/analysis) were precipitated in 0.5 ml of ice-cold 10 % ultra-pure TCA, kept on ice for 60 min and mechanically scraped from the plate. The precipitates were centrifuged at 12 000 g for 5 min, and 0.4 ml of the supernatant was added to 0.1 ml of sodium ascorbate (0.25 M). Following a further 5 min on ice, 0.4 ml of ammonium acetate (40 %) and 0.1 ml of the ironspecific chromogenic reagent Ferene-S was added, and the Ferene-S-Fe 2+ complex absorbance was measured at 594 nm [molar absorption coefficient (ε) of 35500 M −1 · cm −1 ] using an Ultrospec 3000 UV/visible spectrophotometer (Cambridge, England).
Total iron was measured in cells lysed in Triton X-100 using a Z-8270 Polarized Zeeman atomic absorption spectrophotometer (Hitachi, Japan) equipped with an iron lamp (243.3 nm). Both the PBS and the water used for all solutions were treated with Chelex-100 to minimize adventitious iron.
Assays of lysosomal integrity
AO is a metachromatic fluorophore and a lysosomotropic base (pK a 10.3). It is retained in its charged form (AOH + ) by proton trapping inside the acidic vacuolar compartment, preferentially in secondary lysosomes (pH 4-5). Cells (chelator-protected or not), which had been irradiated with 40 Gy and were then cultured for a further 24 h, were again irradiated with 20 Gy, and returned to standard culture conditions before analyses were evaluated with the AO-uptake technique [11, 14, 24] . Cells with a reduced number of intact AO-accumulating lysosomes (here termed 'pale' cells) were detected up to 10 h following the second radiation event.
In other experiments, the AO relocation method [11, 14, 24] was applied. In this case, cells were stained with AO immediately before the second radiation event, and early lysosomal rupture, resulting in increased green cytoplasmic and nuclear fluorescence, was analysed for up to 3 h after start of radiation. Green (FL 1 channel) and red (FL 3 channel) fluorescence was recorded in a logarithmic scale using a BD LSR Flow Cytometer (BectonDickinson, Mountain View, CA, U.S.A.) equipped with a 488 nm exciting argon laser. CellQuest software was used for data acquisition and analyses.
Evaluation of 'reparative autophagocytosis'
Cells, irradiated with 40 Gy, were kept under standard culture conditions for a further 24 h and then evaluated for 'reparative autophagocytosis'. Changes in the volume of the acidic vacuolar compartment, reflecting 'reparative autophagocytosis', were estimated and compared with appropriate controls using flow cytofluorimetry of AO-stained cells, as described above. AOinduced red fluorescence intensity was considered proportional to the volume of the lysosomal compartment.
In other experiments employing TEM (transmission electron microscopy), similarly treated cells were fixed in situ in a cacodylate-buffered (0.1 M, pH 7.2) 2 % glutaraldehyde solution with 0.1 M sucrose at 4
• C, post-fixed in 1 % osmium tetroxide Viability was assessed using Trypan Blue (TB) exclusion. Cells were initially irradiated with 40 Gy. Following renewal of the medium, cells were kept under standard culture conditions for a further 24 h and then, in some cases, irradiated a second time with 20 Gy. Following renewal of the medium, cells were then followed for a further 40 h under standard culture conditions. Pre-exposure to HMW-DFO (2 mM for 3 h) was before the first or the second radiation event.
Values shown represent means + − 1 S.D., (n = 4). Pairwise comparisons were made using ANOVA. All groups were significantly different from the 40 Gy + 20 Gy group from 48 h after the first radiation (24 h after the second radiation).
(in 0.15 M cacodylate buffer) at room temperature, stained en bloc with 2 % uranyl acetate in 50 % ethanol, dehydrated in a graded series of ethanol, and embedded in Epon-812. Ultrathin sections were cut with a diamond knife parallel to the growth substrate, stained with lead citrate, and examined in a JEOL 1200-EX electron microscope (Tokyo, Japan) operated at 80 kV. Micrographs were taken randomly from different sections of two cultures for each experimental condition. Electron microscopy images were photographed.
Statistical analysis
Results are presented as means + − S.D. Statistical comparisons were made using ANOVA.
* P < 0.05; * * P < 0.01; * * * P < 0.001.
RESULTS
Ionizing radiation sensitizes cells to a second round of radiation
Within 64 h following a dose of 40 Gy (2 Gy/min), almost no cell death had yet occurred, whether the cells were protected by HMW-DFO or not (Figure 1) . Proliferation, however, was diminished in a dose-dependent fashion, and was fully inhibited for at least 44 h by 40 Gy. At a higher dose of 80 Gy, approx. (Figure 1 ). This loss of viability appeared to involve intralysosomal redox-active iron inasmuch as cells initially irradiated with 40 Gy and then exposed to HMW-DFO before the second radiation event showed significantly increased viability compared with unprotected cells when analysed 24 h later (Figure 1 ). Cells already protected before the first event of radiation (HMW-DFO + 40 Gy + 20 Gy) did not demonstrate any cell death within 36 h following the second radiation event. Since HMW-DFO is not degradable, it would have been present intralysosomally during both radiation events in this case. Furthermore, cells protected with HMW-DFO before a 40 Gy dose, or unprotected cells irradiated with the same radiation dosage (HMW-DFO + 40 Gy or 40 Gy respectively), showed only insignificant cell death, whereas proliferation returned partially after the end of the inhibition period. Owing to induced iron starvation, HMW-DFO by itself caused inhibition of proliferation and eventually apoptotic cell death, although this occurred beyond the time period indicated in Figure 1 .
IR induces 'reparative autophagocytosis' and increases intracellular 'loose' iron, mainly intralysosomally
As revealed by light microscopy, morphological changes following radiation, i.e. spreading and vacuolization, started to be apparent in unprotected cells 8 h after the 40 Gy radiation event, and were obvious at 24 h, whereas the morphology remained almost normal in cells exposed to HMW-DFO before radiation. Because HMW-DFO ends up intralysosomally, this observation supports our earlier suggestion that radiation damage may be promoted by intralysosomal iron [16, 17] .
TEM revealed prominent 'reparative autophagocytosis' following radiation of unprotected cells with 40 Gy (Figure 2 ). This was accompanied by an expansion of the lysosomal compartment as reflected by an approx. 50 % increase in AO uptake by unprotected irradiated cells as compared with control and HMW-DFOprotected cells (Figure 3 ). The efficient, although not complete, prevention of radiation-induced 'reparative autophagocytosis' by the intralysosomal presence of HMW-DFO strongly supports the notion that this phenomenon is mainly secondary to intralysosomal iron-catalysed peroxidative damage to lysosomal membranes with ensuing leakage of harmful lysosomal contents into the cytosol, in turn leading to 'reparative autophagocytosis'.
In order to investigate possible changes in reactive intralysosomal iron following radiation-induced 'reparative autophagocytosis', we employed the SSM. This is an extremely sensitive semiquantitative technique, which can be used to cytochemically demonstrate the presence of loosely bound, reactive iron and several other heavy transition metals, such as copper [6] . The SSM is based on a catalytic reaction, which causes metalsulphide-dependent precipitation of metallic silver in a timedependent fashion. Normal cells showed distinct, lysosome-sized granular silver precipitations ( Figure 4A ), which were much more pronounced in irradiated non-protected cells ( Figure 4B ), indicating considerably increased amounts of intralysosomal redox-active iron.
As would be expected from the cytochemical analyses described above, irradiated cells showed a massive increase (approx. 500 %) in intracellular 'loose' iron following a 40 Gy radiation event compared with control non-irradiated cells (Table 1 ). In contrast, total cellular iron was moderately decreased (approx. 30 %) in unprotected cells following a 40 Gy radiation. In cultures pretreated with HMW-DFO, total iron levels were unaffected by the 40 Gy radiation, although 'loose' iron could not be determined, since HMW-DFO interferes with the assay. 
Table 1 Control cells and cells pre-treated with the iron-chelator HMW-DFO (2 mM; 3 h) were irradiated (or not) with 40 Gy
Following renewal of medium, cells were kept under standard culture conditions for a further 24 h, rinsed and analysed for 'loose' and total cellular iron, as described in the Materials and methods section (n = 3 experiments). 'Loose' iron could not be determined on protected cells, since the iron chelator interferes with the assay. Significant differences compared with non-irradiated control cells are indicated (*P < 0.05, ***P < 0.001). 
Non-irradiated cells
HMW-DFO stabilizes lysosomal membranes against radiation and prevents apoptosis
A significant loss of lysosomal integrity was observed (using the AO relocation technique) in non-protected cells 3 h after the start of the second (20 Gy) radiation event [given 24 h after the initial (40 Gy) irradiation] ( Figure 5A ), whereas HMW-DFO endocytosed by the cells before the second radiation event significantly stabilized lysosomes. The preservation of lysosomes by chelation of lysosomal iron was confirmed further using the AO uptake method, by which the proportion of 'pale' cells, i.e. cells with a reduced number of intact lysosomes, was evaluated at 10 h after the second radiation ( Figure 5B) .
No signs of apoptosis were detected 24 h following the first radiation event (40 Gy), regardless of whether cells were protected or not. In contrast, apoptosis appraised 14 h after the second radiation event as the proportion of nuclei with hypo-diploid DNA (according to the method of Nicoletti et al. [27] ), in combination . Pairwise comparisons were made using ANOVA. Significant differences are indicated (*P < 0.05; **P < 0.01).
with an evaluation of apoptotic morphology in Giemsa-stained cells, demonstrated a marked increase in apoptotic cells (Figures 6A and 6B) . Importantly, HMW-DFO significantly reduced this short-term apoptosis.
Formation of H 2 O 2 during radiation
It is generally considered that radiation-induced cell damages are events secondary to the primary formation of the highly reactive HO · radical following radiolytic cleavage of water. In order to test the hypothesis that significant amounts of H 2 O 2 are also formed during radiation, giving rise to intralysosomal Fentontype chemistry and lysosomal rupture, we assayed formation of H 2 O 2 in HBSS (no cells present), thus reflecting radiation-induced generation all over the cells. Regardless of the dosage rate (2 or 5 Gy/min), radiation up to a total dosage of 40 Gy generated H 2 O 2 to a final concentration of approx. 15 µM (Figure 7 ).
DISCUSSION
It is generally considered that the cytotoxic and cytocidal effects of IR arise by radiolysis of water with random intracellular pro- duction of HO · and attendant DNA damage, particularly to actively dividing cells. In this case, the rationale for the use of fractionated radiation would be based on the assumption that the second dose would be more likely to affect a new population of cells entering S-phase, a point at which actively dividing DNA may be more at risk of lethal double-strand breaks [15] . However, additional mechanisms, and cytoplasmic ionization events in particular, may also be important, which in turn may secondarily influence nuclear DNA [30] .
IR not only generates HO · by radiolysis of water (reaction 1), but also generates O 2 ᭹− and H 2 O 2 (reactions 2 and 3):
The objective of the present study was to test the hypothesis that IR, by inducing intracellular oxidative stress, causes intralysosomal Fenton-type peroxidation with ensuing lysosomal rupture, and relocation of lysosomal enzymes and low-mass redox-active iron. Such relocation, in turn, may induce apoptosis and site-specific iron-mediated DNA damage [8, 12, 14, 25, 31, 32] . In order to obtain clear results after one or two IR sessions on cells in culture, we used a histiocytotic lysosome-rich type of cell and high IR doses.
and H 2 O 2 species produced during radiation would be specifically harmful in the event that it occurs in relation to targets that contain reactive transition metals, such as iron. Since lysosomes appear to contain the major proportion of intracellular redox-active iron [13, 14, 24, 25, 31] [33, 34] . IR will induce H 2 O 2 formation anywhere in the cell, and since intralysosomal degradation might be slight, oxidative stress within this compartment would be expected to be prominent, even considering a rapid diffusion of H 2 O 2 into the surrounding cytosol. In the case that the lysosomal compartment contains substantial amounts of redoxactive iron, e.g. after pronounced 'reparative autophagocytosis' with degradation of iron-containing metalloproteins, oxidative damage and ensuing permeabilization of lysosomal surrounding membranes should be substantial.
We have argued elsewhere that the destabilization of lysosomes (especially by oxidants), and the consequent release of lysosomal hydrolases and redox-active iron, may be an important intermediate step in ultimate apoptotic or necrotic cell death [8] [9] [10] [11] [12] [13] [14] 25, 31, 35] . We therefore sought to determine whether lysosomes and, especially, intralysosomal redox-active iron might play a role in cell damage secondary to IR. Indeed, our previous studies [9, 16, 17] and another one published recently [36] support the concept that lysosomal damage may occur during radiationinduced damage. In the present study, we exposed radio-resistant histiocytic lymphoma (J774) cells to two separate challenges of radiation in the presence or absence of HMW-DFO localized intralysosomally. HMW-DFO is a high-molecular-mass neutral polymer that is undegradable by lysosomal enzymes, and thus remains permanently inside the lysosomal compartment after endocytic uptake [25] . Unfortunately, this high-affinity iron chelator acts as a 'sink' for cellular iron, most of which circulates through the lysosomal compartment because of autophagocytotic turnover of iron-containing biomolecules [14, 24] , eventually causing apoptotic cell death from iron starvation [25] . Therefore long-term effects on cellular proliferation are impossible to assess in cells treated with this agent.
The initial high-dose radiation event (40 Gy; 2 Gy/min) caused significant 'reparative autophagocytosis', stopped cell proliferation for approx. 44 h, but did not cause significant cell death within 64 h, regardless of whether cells were exposed to HMW-DFO or not. The same effects on cell viability and proliferation were found following 20 Gy of radiation delivered as 5 Gy/min. These findings are almost identical with those of Gallin et al. [26] . Considering that a lower dose rate requires longer radiation time for the same formation of H 2 O 2 , and that a continuous degradation of H 2 O 2 takes place intracellularly, the dose rate would influence the H 2 O 2 -mediated toxicity of a given dose and explain the almost equal cytotoxicity of a 20 Gy radiation event, administered as 5 Gy/min, and a 40 Gy radiation event delivered as 2 Gy/min.
Although an initial 40 Gy (2 Gy/min) radiation event did not cause significant cell death, but considerable 'reparative autophagocytosis', a second lower dose (20 Gy; 2 Gy/min) administered 24 h after the first one induced significant loss of lysosomal membrane integrity and ensuing apoptotic cell death. This greatly enhanced susceptibility to the second dose of radiation was accompanied by a marked increase in the amounts of redox-active 'loose' iron detected within lysosomes cytochemically and in cell extracts by direct analysis. This increased reactive iron appears to be important in the sensitization of target cells to the second dose of radiation, because the exposure to HMW-DFO, targeted to the lysosomal apparatus, provided significant (although not complete) protection against the second radiation exposure. Overall, these results support the idea that iron-catalysed lysosomal rupture may be an important consequence of radiation-induced oxidative stress.
It might be argued that the remarkable cytoprotective effect of HMW-DFO against the second round of radiation could arise from a secondary effect on the cellular pool of labile iron, leading, for example, to inhibition of ribonucleotide reductase and, consequently, forcing the cells into the G 0 /G 1 phase of the cell cycle [3] . This possibility, however, was excluded by the finding that cells pre-treated with HMW-DFO demonstrated the same cell cycle distribution as control cells prior to the second event of radiation (results not shown).
The remarkable increase in intralysosomal labile iron seems to result from 'reparative autophagocytosis' secondary to radiationinduced lysosomal damage, with release of lytic enzymes and low-mass iron and consequent cellular damage. Such 'reparative autophagocytosis' enhances degradation of various iron-containing structures, such as ferritin, mitochondria and iron-containing metalloproteins [16, 17, 20, 21] . The occurrence of 'reparative autophagocytosis' was evident both from electron microscopy and from a significant expansion of the volume of the acidic vacuolar compartment. The observed moderate decrease in total cellular iron that paralleled the striking increase in labile iron could result from release of low-mass iron from the cells. This might reflect a temporary lack of intracellular iron-storing capacity, arising from the increased amounts of intracellular 'loose' iron. Because HMW-DFO given prior to the initial 40 Gy (2 Gy/min) radiation event efficiently prevented lysosomal rupture promoted by intralysosomal iron-catalysed oxidative reactions following either diffusion of H 2 O 2 into the lysosomes or formation within the lysosomes of O 2 ᭹− and H 2 O 2 , intralysosomal oxidation and destabilization, rather than random intracellular formation of HO · by radiolytic cleavage of water, seems to be the major event inducing 'reparative autophagocytosis'. It should be noted that even small amounts of H 2 O 2 formed intralysosomally should induce substantial Fenton-type chemistry. Although a single radiation event with 40 Gy (2 Gy/min) induced repair in our cell culture system, it did not kill the cells within the period of time studied. However, a second lower dose of radiation administered when 'reparative autophagocytosis' had resulted in increased intralysosomal low mass iron caused marked lysosomal labilization and cell death.
The results of the present study support the concept that IRmediated cell damage is, in vitro and perhaps in vivo, a consequence of intralysosomal iron-catalysed oxidative processes leading to lysosomal rupture with release of hydrolytic enzymes and redox-active iron. Released lysosomal redox-active iron may partly relocate to nuclear and mitochondrial DNA, causing sitespecific HO · production in the presence of oxidative stress [25, 37] . Such site-specific HO · induction would be much more powerful with respect to DNA damage than random formation of HO · due to radiolysis of water.
In the use of fractionated IR, it is typically assumed that each successive dose results in equivalent cell killing. However, there are isolated reports that this may not always be so. For example, Scott et al. [38] have recently reported that two of three prostate cancer lines studied had significantly lower-than-predicted survival rates upon exposure to secondary doses of IR. Although these authors focused on the possible importance of changes in the cell cycle, the reasons for this effect are not completely clear. Here, by exposing radio-resistant murine histiocytic lymphoma (J774) cells to a very high dose of IR (40 Gy), we show that irradiated cells are sensitized to killing by a much lower dose (20 Gy) administered 24 h later. Our results have led us to the tentative conclusion that this sensitization to a secondary dose of IR probably arises from an increase in the amounts of lysosomal redox-active iron. These results may provide a rationale for the use of fractionated radiation, and also raise the possibility of using appropriately targeted iron chelators to minimize radiation damage to normal tissues.
